Senescence is a key factor resulting in deterioration of nonclimacteric fruit. NAC transcription factors are important regulators in plant development and abiotic stress responses, yet little information regarding the role of NACs in regulating non-climacteric fruit senescence is available. In this study, we cloned 13 NAC genes from litchi (Litchi chinensis) fruit, and analyzed subcellular localization and expression profiles of these genes during post-harvest natural and low-temperature-delayed senescence. Of the 13 NAC genes, expression of LcNAC1 was up-regulated in the pericarp and pulp as senescence progressed, and was significantly higher in senescencedelayed fruit than that in naturally senescent fruit. LcNAC1 was induced by exogenous ABA and hydrogen peroxide. Yeast one-hybrid analysis and transient dual-luciferase reporter assay showed that LcNAC1 was positively regulated by the LcMYC2 transcription factor. LcNAC1 activated the expression of LcAOX1a, a gene associated with reactive oxygen species regulation and energy metabolism, whereas LcWRKY1 repressed LcAOX1a expression. In addition, LcNAC1 interacted with LcWRKY1 in vitro and in vivo. These results indicated that LcNAC1 and LcWRKY1 form a complex to regulate the expression of LcAOX1a antagonistically. Taken together, the results reveal a hierarchical and co-ordinated regulatory network in senescence of harvested litchi fruit.
Introduction
Fruit ripening is a genetically programmed process, involving a series of organoleptic, physiological and biochemical changes.
These changes are important for the development of ediblequality fruit. However, over-ripening, especially senescence, increases the susceptibility to physical injury and also decreases the resistance to microbial infection (Giovannoni 2001) , which causes severe economic losses in some fruit crops. Therefore, an improved understanding of fruit ripening and senescence attributes may help to develop strategies to improve the nutritional and sensorial quality and reduce post-harvest fruit losses.
On the basis of ripening or senescence attributes, fruits are classified as climacteric or non-climacteric. Climacteric fruits, such as banana and mango, undergo ripening after harvest to develop edible quality. Ethylene synthesis is essential for climacteric fruit ripening (Lin et al. 2009 ). Two systems are involved in ethylene biosynthesis. System-1 is responsible for the basal level of ethylene production in all plant tissues, whereas system-2 functions through a positive feedback loop regulating climacteric-associated ethylene production during climacteric fruit ripening and petal senescence (Lelievre et al. 1997) . The transition of system-1 to system-2 results in a sharp increase in ethylene biosynthesis in climacteric fruit, which in turn activates an arsenal of ethylene-regulated ripening-associated processes (Alexander and Grierson 2002) . However, non-climacteric fruits, such as citrus and strawberry, undergo no ripening process after harvest. No dramatic increases in respiration are observed and ethylene biosynthesis remains at very low levels (Alexander and Grierson 2002) . Some studies have linked ABA to ripening and senescence of non-climacteric fruits such as strawberry , Ji et al. 2012 , Symons et al. 2012 ) and citrus (Wu et al. 2014) . However, the underlying regulatory mechanisms of non-climacteric fruit ripening or senescence are still inadequately understood.
Transcriptional regulation plays a vital role in plant growth and development. Senescence is the last stage of plant development, during which numerous transcription factors are themselves induced or repressed (Schippers 2015) . NAC (NAM, ATAF1/2, and CUC2) transcription factors are one of the largest families of plant-specific transcription factors, which are implicated in plant growth and development (Hibara et al. 2003 , He et al. 2005 , Mao et al. 2007 , Larsson et al. 2011 , flavonoid biosynthesis (Morishita et al. 2009 , Zhao et al. 2010 , wood formation (Zhao et al. 2010 ) and stress responses (Takasaki et al. 2015 ). An increasing number of NAC transcription factors have been identified as senescence regulators in higher plants (Breeze et al. 2011) . In Arabidopsis, ORE1/ ANAC092/AtNAC2 (Balazadeh et al. 2010) , ORS1/ANAC059 (Balazadeh et al. 2011) and AtNAP/ANAC029 (Guo and Gan 2006) positively regulate leaf senescence, whereas JUB1/ ANAC042 (Wu et al. 2012 ) and ANAC083 (Yang et al. 2011) act as negative regulators. The role of NAC transcription factors in regulation of rice leaf senescence was confirmed by Liang et al. (2014) . Several NAC transcription factors mediate ethylene-or ABA-associated senescence in Arabidopsis (Kim et al. 2009 , Sakuraba et al. 2014 ). In addition, NAC transcription factors are involved in the regulation of climacteric fruit ripening. Shan et al. (2012) showed that MaNAC1/MaNAC2 participate in regulation of banana fruit ripening via physical interaction with ethylene signaling components. Zhu et al. (2014) demonstrated that SlNAC4 acts as a positive regulator of tomato fruit ripening and carotenoid accumulation. To date, research on plant senescence in relation to NAC transcription factors has mainly focused on leaf senescence and climacteric fruit ripening. However, there exist differences between climacteric fruit ripening and non-climacteric fruit senescence. Unfortunately, little is known about the role of NAC transcription factors in senescence regulation of non-climacteric fruit.
Reactive oxygen species (ROS) are produced as by-products of cellular metabolism, and function as important signaling molecules that regulate a broad range of processes (Berkowitz et al. 2016 , Mittler. 2017 . However, oxidative stress caused by excessive ROS can result in cell injury and senescence (Beckman and Ames 1998) . In plants, ALTERNATIVE OXIDASE1a (AOX1a) acts as a regulator to lower mitochondrial ROS production (Cvetkovska and Vanlerberghe 2012) and is used as a marker for mitochondrial dysfunction (Dojcinovic et al. 2005 , Van Aken et al. 2016 . Several regulators have been reported to be involved in the regulation of AOX1a in plants, including ANAC013 (De Clercq et al. 2013) , ANAC017 (Ng et al. 2013b ), AtWRKY63 (Van Aken et al. 2013 , CYCLIN-DEPENDENT KINASE E1 (Ng et al. 2013a) , ABSCISIC ACID INSENSITIVE4 (ABI4) (Giraud et al. 2009 ) and AtMYB29 (Zhang et al. 2017) . Considering the importance of AOX1a, it is necessary to investigate further the transcriptional regulatory mechanisms of AOX1a in relation to fruit senescence.
Litchi (Litchi chinensis Sonn.) is a non-climacteric subtropical fruit of high commercial value on the international market, on account of the fruit's delicious taste and high nutritional value (Jiang et al. 2004 ). The fruit deteriorate rapidly after harvest owing to senescence, manifested as pericarp browning and development of decay, which result in reduced market value. Currently, studies on litchi fruit senescence are focused on the biochemical changes and gene expression underlying enzymatic browning (Jiang et al. 2004 , Wang et al. 2013 , Fang et al. 2015 , Yun et al. 2016 . Jiang et al. (2004) proposed that anthocyanins are hydrolyzed by anthocyanase, forming anthocyandins, which are further oxidized by polyphenol oxidase (PPO) and/or peroxidase (POD). Recently, an anthocyanin degradation enzyme (ADE) was identified as a vacuolar laccase responsible for epicatechin-mediated anthocyanin degradation during litchi pericarp browning (Fang et al. 2015) . However, little information on transcriptional regulation in relation to litchi fruit senescence is available.
The objective of the present study was to investigate the role of NAC transcription factors in regulating senescence of the non-climacteric fruit litchi. Thirteen NAC genes were isolated and characterized from litchi fruit, and their expression patterns in fruit with two senescence characteristics, comprising natural and low-temperature-delayed senescence, were analyzed. The results indicated that LcNAC1 might play a role in the regulation of litchi fruit senescence. LcNAC1 was regulated by the LcMYC2 transcription factor. Furthermore, LcNAC1 and LcWRKY1 physically interacted and antagonistically regulated expression of LcAOX1a, a gene associated with ROS regulation and energy metabolism, by directly binding to its promoter. Our findings suggest that LcNAC is involved in the regulation of litchi fruit senescence by targeting LcAOX1a via interaction with the LcWRKY1 transcription factor.
Results

Fruit senescence characteristics
Litchi fruit after harvest rapidly senesce, manifested as pericarp browning, which is one of the major post-harvest problems of the fruit (Jiang et al. 2004) . As shown in Fig. 1A , the browning index of the fruit stored for 8 d at 25 C and 85-90% relative humidity was 4.5. Low temperature delayed tissue browning of the fruit (P < 0.05, Fig. 1A) . A browning index of 1.5 was observed in the fruit stored at 4 C for 21 d. Relative electrolyte leakage is an index of cellular membrane integrity and fruit senescence. The initial (day 0) relative electrolyte leakage was 17.0%. After 6 d of storage at 25 C, the relative electrolyte leakage increased to 28.6%, whereas the leakage was 18.81 or 21.4% in the fruit stored for 8 or 25 d at 4 C, respectively (Fig.  1B) . In addition, litchi fruit senescence was accompanied by increased accumulation of hydrogen peroxide (H 2 O 2 ), and the accumulation was significantly blocked when fruit were stored under low temperature ( Supplementary Fig. S1 ). These results indicated that harvested litchi fruit underwent senescence and low temperature inhibited the process (P < 0.05).
Sequence analysis of LcNAC genes
Thirteen novel full-length cDNAs of NAC genes from litchi fruit pericarp and peel were isolated and designated LcNAC1-LcNAC13. NACs are one of the largest families of transcription factors in plant. The Arabidopsis and rice genomes contain approximately 100 NAC transcription factors (Gong et al. 2004 , Xiong et al. 2005 . It is speculated that there were additional NAC transcription factors in the litchi genome. The sizes of the deduced amino acid sequences of the products of these isolated LcNAC genes differed substantially. For instance, LcNAC1 encoded 341 amino acids, whereas LcNAC3 encoded 486 amino acids. All of the encoded proteins contained a NAC conserved domain in the N-terminal region ( Supplementary Fig. S2 ), whereas the C-terminal regions showed obvious differences in sequence.
Phylogenetic analysis of LcNACs with AtNACs and OsNACs revealed that the deduced LcNAC sequences were clustered into seven out of 18 groups of NAC proteins (Puranik et al. 2012) (Supplementary Fig. S3 ). LcNAC1 and LcNAC2 were classified as members of the AtNAC3 and ATAF subfamilies, respectively; LcNAC3, -4, -6 and -8 were classified in the NAC2 subfamily; LcNAC5 and -12 in the NAM subfamily; LcNAC9 and -11 in the OsNAC022 subfamily; LcNAC10 and -13 in the NAP (NAC-LIKE ACTIVATED BY AP3/PI) subfamily; and LcNAC7 in the TIP subfamily. These data suggest that LcNAC1-LcNAC13 may exhibit diverse functions.
Subcellular localization of the LcNAC proteins
Potential nuclear localization signal sequences were predicted for the LcNACs based on the sequence analysis. To examine the subcellular localization of LcNACs in vivo, the full-length coding sequences of LcNAC1-LcNAC13 were fused in-frame with the YFP (yellow fluorescent protein) gene. Transient expression of these constructs in Arabidopsis protoplasts showed that the fluorescence of LcNAC4-LcNAC13 was localized exclusively in the nucleus (Fig. 2) . Interestingly, the fluorescence of LcNAC1-LcNAC3 was not localized exclusively in the nucleus, as YFP signal was also observed in the cytoplasm and cell membrane.
Expression patterns of LcNAC genes during senescence in harvested litchi fruit
To understand the possible role of LcNAC genes in litchi fruit senescence, the transcript levels of LcNAC in peel and pulp of harvested litchi fruit with two senescence characteristics described above were investigated by quantitative real-time PCR (qRT-PCR). In the pericarp, the transcript levels of LcNAC1, -2, -6, -12 and -13 were up-regulated (P < 0.05; Fig.  3A, B) . Moreover, the up-regulation of LcNAC1, -2 and -12 in senescence-delayed litchi fruit was much higher than that in control fruit (P < 0.05). In contrast, the transcript levels of LcNAC3-LcNAC5 and LcNAC7-LcNAC11 decreased in naturally senescent fruit (P < 0.05; Fig. 3A) .
In pulp, the transcription of LcNAC1, -2, -5, -7, -9 and -13 was clearly up-regulated (P < 0.05), whereas the transcript levels of LcNAC3, -4, -6, -8, -10 and -12 decreased or changed only slightly during litchi fruit senescence (Fig. 3C, D) . Interestingly, the transcript level of LcNAC11 significantly increased in naturally senescent fruit (P < 0.05), but dramatically decreased in lowtemperature-delayed senescent fruit (P < 0.05).
Of the 13 LcNAC genes, the transcript level of LcNAC1 was most significantly up-regulated during post-harvest natural and low-temperature-delayed senescence (Fig. 3) ; we therefore selected LcNAC1 to analyze its function further. Previous work showed that NAC transcription factors play important roles in ABA-or H 2 O 2 -mediated senescence or oxidative stress responses (Hung and Kao 2004, Liang et al. 2014) . In this study, exogenous ABA and H 2 O 2 treatments accelerated senescence of post-harvest litchi fruit, showing severe pericarp browning and higher ion leakage after 6 d of storage at 25 C ( Supplementary Fig. S4 ). Moreover, the transcript levels of LcNAC1 in litchi fruit pericarp were induced by ABA or H 2 O 2 , especially 6 h after treatment (P < 0.05, Fig. 4) ; however, the transcript levels of some other LcNAC genes, such as LcNAC3 ( Supplementary Fig. S5 ), were not induced. These results implied that LcNAC1 might function as an important link between ABA and H 2 O 2 signaling during litchi fruit senescence.
LcMYC2 affects LcNAC1 expression by directly binding to the gene promoter
In Arabidopsis, MYC2 binds specifically to the MYC recognition sequence in the ANAC019, -055 and -072 promoters (Hickman et al. 2013, Jensen and Skriver 2014) . In this study, we isolated the LcMYC2 gene from a litchi transcriptome database (Yao et al. 2015) . Bioinformatics analysis showed that four potential MYC recognition elements were present within a 195 bp region (À313 to À506) upstream of the transcription initiation site in the promoter region of LcNAC1 ( Supplementary Fig. S6 ). It is suggested that the MYC recognition elements in the LcNAC1 promoter, designated as LcNAC1-prodomain1 (À313 to À506), may be bound by LcMYC2.
Yeast one-hybrid (Y1H) analysis suggested the interaction of LcMYC2 with the LcNAC1 promoter. No basal expression of C. Each point and error bar represents the mean ± SE of three replicates. An asterisk represents a significant difference (P < 0.05) between low temperature-stored and control fruit.
LcNAC1-prodomain1 was detected in yeast in the presence of aureobasidin A (AbA; Fig. 5B ). When the Y1H reporter strain transformed with plasmid-carrying cassettes constitutively expressed the LcMYC2 effector, yeast cells harboring LcNAC1-prodomain1 grew well in the presence of AbA, whereas yeast cells harboring the control effector did not grow (Fig. 5B ). This result indicated that LcMYC2 can bind to the LcNAC1 promoter in yeast.
To elucidate the role of LcMYC2 in regulating LcNAC1 expression, a transient dual-luciferase assay was performed, using a double reporter plasmid containing the LUC luciferase driven by the LcNAC1 promoter and the REN luciferase driven by the Cauliflower mosiac virus (CaMV) 35S promoter, together with an effector plasmid expressing LcMYC2. The results showed that LcMYC2 activated the LcNAC1 promoter at room temperature. MYC2 has been reported to acts as a switch to mediate the ABA-dependent biotic and abiotic stress responses (Kazan and Manners 2013) . Our results also indicated that the activation was enhanced by ABA treatment (P < 0.05; Fig. 5D ), which implied that LcMYC2 mediated ABA-induced expression of LcNAC1.
We further compared the expression patterns of LcNAC1 and LcMYC2 in harvested litchi fruit during senescence. The expression of both LcNAC1 and LcMYC2 genes was up-regulated during senescence, and the up-regulation of LcMCY2 was earlier than that of LcNAC1 ( Fig. 3A ; Supplementary Fig. S7 ). Together, these results strongly indicated that LcNAC1 is a direct target of LcMYC2 in vitro and in vivo, suggesting that LcMYC2 can regulate the expression of LcNAC1 by binding to its promoter.
LcNAC1 physically interacts with LcWRKY1
An improved understanding of the role of LcNAC1 in senescence in harvested litchi fruit can be achieved by identifying its interacting proteins. For this purpose, we constructed a yeast two-hybrid-(Y2H) compatible cDNA library with mRNA from litchi fruit stored for different times then performed a Y2H screening using LcNAC1 as bait to identify its interacting proteins from a litchi fruit cDNA expression library. A screen of approximately 2 Â 10 5 yeast transformants resulted in the isolation of about 80 positive colonies determined by lacZ staining. These colonies were transferred to selective media, and stained with lacZ for verification. Forty-five colonies maintained the phenotype, 14 of which were isolated and sequenced. Of the verified colonies, a cDNA corresponding to the WRKY transcription factor, LcWRKY1, was selected for further study. Subcellular localization showed that LcWRKY1 was localized preferentially to the nucleus ( Supplementary Fig. S8 ). The Matchmaker TM Gold Yeast Two-Hybrid System was used to confirm the interaction between LcNAC1 and LcWRKY1. As shown in Fig. 6A , yeast cells co-transformed the positive control (pGBKT7-53 + pGADT7-T-antigen) and DBD-LcNAC1 with AD-LcWRKY1, respectively, not only grew well on QDO medium, but also turned blue in the presence of the chromogenic substrate X-a-Gal. No interaction was observed between LcNAC1 and AD-EMTY, suggesting that the interaction between LcNAC1 and LcWRKY1 was specific (Fig. 6A) .
Furthermore, the glutathione S-transferase (GST) pull-down assay confirmed the interaction between LcNAC1 and LcWRKY1 in vitro. The recombinant His-LcNAC1 and GSTLcWRKY1 proteins were purified. GST-LcWRKY1, but not the GST control, pulled down His-LcNAC1, indicating the presence of a specific interaction between LcNAC1 and LcWRKY1 in vitro ( Fig. 6B; Supplementary Fig. S9 ).
To verify the interaction between LcNAC1 and LcWRKY1 in vivo, a bimolecular fluorescence complementation system was used. LcNAC1 protein tagged with the C-terminus of YFP (YC) and LcWRKY1 protein tagged with the N-terminus of YFP (YN) were expressed simultaneously in Arabidopsis mesophyll protoplasts. The visible yellow fluorescence indicated that LcNAC1 interacted with LcWRKY1 in the cell nucleus. However, YN-WRKY1 plus YC or YC-NAC1 plus YN did not exhibit any visible fluorescence (Fig. 6C) .
These results not only demonstrated that LcNAC1 interacted with LcWRKY1 in vitro and in vivo, but also showed the specific nuclear localization of the interacting proteins, which was consistent with the subcellular localization of LcNAC1 in the nuclear compartment.
LcNAC1 and LcWRKY1 function antagonistically to regulate LcAOX1a expression
Increasing evidence showed that AOX1a functions as a regulator of mitochondrial ROS production (Cvetkovska and Vanlerberghe 2012) and may be involved in regulation of ripening and senescence of post-harvest fruit (Oliveira et al. 2015) . In Arabidopsis, NAC and WRKY have been reported to be implicated in transcriptional regulation of the AOX1a gene (De Clercq et al. 2013 , Ng et al. 2013b . We cloned the LcAOX1a promoter from litchi fruit. Bioinformatics analysis showed that the potential NAC recognition elements and the potential WRKY recognition elements were present very close to each other in the same promoter region of LcAOX1a (À15 to À445) (Supplementary Fig. S6 ). Therefore, we speculated that the interaction of LcNAC1 and LcWRKY1 participated in regulation of the expression of the LcAOX1 gene and thereby influenced senescence of post-harvest litchi fruit. To examine the specificity of the interaction of LcNAC1 and LcWRKY1 with the LcAOX1a promoter, a gel shift assay was performed. As shown in Fig. 7A and B, both His-LcNAC1 and GST-LcWRKY1 bound strongly with the LcAOX1a promoter and caused bands to shift upwards. The formation of the DNA-protein complexes was effectively competed in the presence of excess amounts of unlabeled probe. These results showed that LcNAC1 and LcWRKY1 bound to the LcAOX1a promoter directly. In addition, the LcWRKY1 transcription factor enhanced the DNA binding of LcNAC1 to the LcAOX1a promoter (Fig. 7C) .
To substantiate the regulation of LcNAC1 or LcWRKY1 on LcAOX1a in vivo, we performed a transient dual-luciferase assay in tobacco leaves. The LUC/REN ratio can reflect transcriptional activity in vivo. Compared with the control, co-expression of LcNAC1 with LcAOX1a significantly increased the LUC/REN ratio (P < 0.05; Fig. 7D ), suggesting that LcNAC1 trans-activated LcAOX1a. However, the trans-activation was decreased when LcWRKY1 was co-expressed (P < 0.05; Fig. 7D ). These data indicated that LcNAC1 and LcWRKY1 might act antagonistically in the transcriptional regulation of LcAOX1a. We further compared the expression patterns of LcNAC1 and LcAOX1a in litchi fruit during senescence. Both LcNAC1 and LcAOX1a were up-regulated as senescence progressed, and the up-regulation of LcNAC1 was earlier than that of LcAOX1a (Fig. 3A, B; Supplementary Fig. S7 ). This finding suggests that the expression of LcAOX1a during senescence was positively modulated by LcNAC1.
Discussion
NACs are plant-specific transcription factors involved in diverse and vital physiological processes. NACs comprise one of the largest transcription factor families, with approximately 100 members in both Arabidopsis and rice (Gong et al. 2004 , Xiong et al. 2005 . Although sequence identity is as low as 20% among these NACs, all NACs exhibit a highly conserved N-terminal NAC domain, which is divided into five conserved subdomains (A-E), and a variable transcriptional regulation Cterminus, which is able to activate or repress the transcription of multiple target genes (Duval et al. 2002 , Hao et al. 2010 . In the present study, based on a transcriptome database, 13 litchi fruit NAC genes, designated LcNAC1-LcNAC13, were cloned. Similar to what was found in a previous report (Ooka et al. 2003) , all 13 LcNAC proteins shared a highly conserved NAC domain ( Supplementary Fig. S2 ) and a highly variable C-terminal region, which function as transcriptional activation domains (Hegedus et al. 2003 , Fujita et al. 2004 , Kim et al. 2009 , and may confer the diversity in transcriptional activation activity. Determination of subcellular localization is important for understanding protein function. In this study, based on amino acid sequence analysis, all 13 LcNAC proteins showed nuclear localization signals. Nuclear localization was further confirmed by transient expression of LcNACs in Arabidopsis mesophyll protoplasts (Fig. 2) . However, LcNAC1-LcNAC3 were distributed throughout the entire cell, including the nucleus, cytoplasm and cell membrane, whereas the remaining LcNACs were localized exclusively in the nucleus.
Senescence is the gradual deterioration of function characteristic of most complex lifeforms in all organisms. Senescence is inevitable for all organisms, but can be delayed. There is growing evidence that NACs are important senescence regulators in plants. Guo and Gan (2006) showed that an insertion mutation of a NAC transcription factor (AtNAP) gene results in a delay of leaf senescence in Arabidopsis, whereas precocious senescence occurs in plants overexpressing this gene. Likewise, overexpression of an H 2 O 2 -responsive NAC transcription factor (ORS1) accelerated senescence, whereas inhibition of ORS1 delayed senescence (Balazadeh et al. 2011) . In addition to positive regulation, several NACs also negatively regulate plant senescence. Wu et al. (2012) reported that overexpression of JUB1 (a H 2 O 2 -induced NAC transcription factor) strongly delays senescence and enhances tolerance to various abiotic stresses, whereas in jub1-1 knockdown plants precocious senescence and lowered abiotic stress tolerance are observed. Similar results were also reported in Arabidopsis for VND-INTERACTING2 (VNI2; an ABA-responsive NAC transcription factor) by Yang et al. (2011) . In the present study, we observed that the expression of LcNAC1, a novel litchi NAC gene, increased as fruit senescence progressed. Moreover, in senescence-delayed litchi fruit, the expression level of LcNAC1 was significantly higher than that in control fruit. More interestingly, the expression of LcNAC1 was induced by exogenous ABA or H 2 O 2 . It appears that, similarly to JUB1 and VNI2 in Arabidopsis, LcNAC1 is involved in the regulation of litchi fruit senescence.
NACs play an important role in regulating the expression of senescence-or stress-related genes. Their functions are also influenced or regulated by environmental and genetic factors. NACs are implicated in responses to plant hormones, such as ABA, gibberellin, auxin, ethylene, salicylic acid, methyl jasmonate and cytokinin (Nakashima et al. 2012 , Puranik et al. 2012 . Accumulation of ORE1 (a senescence-related NAC in Arabidopsis) transcripts is regulated by miR164 and ETHYLENE-INSENSITIVE 3 (EIN3) in an ethylene-dependent and age-dependent manner (Li et al. 2013) . Among ABA-associated senescence modules, the transcription of the NAP gene is activated by ABA INSENSITIVE 5 (ABI5) Gan 2006, Lee et al. 2012) . Exogenous application of brassinosteroid represses the expression of a large set of senescence-related NAC genes by the transcriptional repressor BRASSINAZOLE-RESISTANT 1 (BZR1) and BRI1-EMS-SUPPRESSOR 1 (BES1) (Sun et al. 2010 , Yu et al. 2011 , Chung et al. 2014 . Recently, three ANAC transcription factors, ANAC019, ANAC055 and ANAC072, were observed to act downstream of MYC2 as mediators of a methyl jasmonate-triggered defense response (Zheng et al. 2012) . In addition, accumulating data indicate that MYC2 acts as a master switch to mediate the ABA/ jasmonic acid-dependent biotic and abiotic stress responses (Kazan and Manners 2013, De Ollas et al. 2015) . In the present work, we showed that LcMYC2 could bind to the LcNAC1 promoter, providing direct evidence that LcNAC1 is a novel target of LcMYC2, which might be involved in ABA-induced senescence of litchi fruit (Fig. 5) .
Plants contain the cyanide-resistant pathway of mitochondrial electron transport, which is catalyzed by alternative oxidase (AOX) (Oliveira et al. 2015) . Some studies have revealed that AOX plays an important role in plant response to environmental stresses, including drought, high salinity and low temperature (Cvetkovska and Vanlerberghe 2012 , Wei et al. 2015 . Moreover, AOX may be involved in climacteric ripening or post-climacteric senescence in harvested fruits (Considine et al. 2001 , Xu et al. 2012 , Oliveira et al. 2015 . The roles of AOX in stress responses and fruit senescence are associated with the regulation of ROS production and energy metabolism (Borecky and Vercesi 2005 , Panda et al. 2013 , Perotti et al. 2014 . In the present study, the expression of AOX1a was up-regulated as senescence progressed in litchi pericarp ( Supplementary Fig. S7 ). Up-regulation of AOX1a expression is beneficial to avoid superfluous ROS accumulation and retard fruit senescence (Borecky and Vercesi 2005, Perotti et al. 2014) . To date, several proteins have been reported to play a role in the regulation of AOX1a expression. ABSCISIC ACID INSENSITIVE4 (ABI4) represses the expression of AOX1a in Arabidopsis (Giraud et al. 2009 ), whereas ANAC013 (De Clercq et al. 2013 ), ANAC017 (Ng et al. 2013b ), AtWRKY63 ) and CYCLIN-DEPENDENT KINASE E1 (Ng et al. 2013a ) are positive regulators of AOX1a in Arabidopsis. The present results showed that LcNAC1 and LcWRKY1 bound directly to the promoter of LcAOX1a (Fig. 7) . Moreover, LcNAC1 positively regulated LcAOX1a expression, whereas LcWRKY1 acted as a negative regulator (Fig. 7) . Phylogenetic analysis showed that LcNAC1 was classified as a member of the AtNAC3 subfamily, whereas ANAC013/ ANAC017 belonged to the NAC2 subfamily. Similarly, Fig. 8 A proposed model for molecular regulation of senescence in harvested litchi fruit. LcNAC1 is positively regulated by the LcMYC2 transcriptional factor and is induced by ABA and H 2 O 2 . LcNAC1 activates the expression of LcAOX1a, whereas LcWRKY1 represses expression of LcAOX1a. LcNAC1 interacts with LcWRKY1 and forms a complex to regulate antagonistically the expression of LcAOX1a, which is associated with reactive oxygen species (ROS) regulation and energy metabolism. The solid arrows indicate that the results are supported by experimental data in litchi fruit, whereas dashed arrows indicate speculation supported by the literature from other species.
LcWRKY1 and WRKY63 are classified in different WRKY subfamilies. It is suggested that AOX1a is regulated by a transcriptional factor network when subjected to stress or senescence.
The formation of enhanceosome or repressosome complexes between transcription factors by physical interaction affects protein-DNA interactions (Martinez and Rao 2012, Xu et al. 2013) , which is an important regulatory mechanism of gene expression. Direct interactions between NAC proteins or NAC protein and other transcription factors have been documented previously. Mendes et al. (2013) observed that the soybean proteins GmNAC30 and GmNAC81 interact in the nucleus to accelerate programmed cell death by activating expression of the VPE gene. Recently, ANAC019 was shown to interact physically with AtMYC2 and synergistically activated expression of a non-yellowing gene (AtNYE1) . In the present investigation, we demonstrated that the transcriptional repressor LcWRKY1 physically interacts with the transcriptional activator LcNAC1 (Fig. 6) . Furthermore, the trans-activation of LcNAC1 by the LcAOX1a promoter was impaired by its interaction with the transcriptional repressor LcWRKY1 (Fig. 7) . These results imply that LcNAC1 and LcWRKY1 might form a complex and act antagonistically in the regulation of litchi fruit senescence. Interestingly, ABA and H 2 O 2 induced LcNAC1, but LcNAC1 positively regulated LcAOX1a expression, which might repress intracellular ROS accumulation and increase stress tolerance. Similarly, Solanum lycopersicum Zinc Finger Protein 2 (SlZFP2) is induced by ABA and represses ABA biosynthesis by directly suppressing expression of ABA biosynthesis genes during tomato fruit development (Weng et al. 2015) . It could be speculated that LcNAC1 is involved in the negative regulation of litchi fruit senescence by regulating ROS production and energy metabolism. However, further biochemical and physiological experiments are required to verify this hypothesis.
In summary, we propose that LcNAC1, a novel litchi NAC transcriptional factor, is involved in senescence and abiotic stress of harvested litchi fruit and activates the expression of AOX1a, a gene associated with ROS regulation and energy metabolism (Fig. 8) . LcNAC1 and LcWRKY1 may form a complex to regulate the expression of LcAOX1a antagonistically. Moreover, LcNAC1 is positively regulated by the LcMYC2 transcriptional factor. In addition, LcNAC1 is inducible by ABA and H 2 O 2 . However, the proposed regulatory mechanism still needs to be confirmed by further studies. These findings provide novel insights into the transcriptional regulatory network of fruit senescence and suggest that targeted breeding and selection efforts for litchi germplasm/cultivars and other agronomically important plants to enhance LcNAC1 accumulation will extend fruit shelf life and delay crop senescence.
Materials and Methods
Plant materials and treatments
Litchi (Litchi chinensis Sonn.) fruit at about 80% maturity (80-82 d after fertilization) were harvested from a local commercial orchard in Guangzhou, China. Litchi fruit of uniform weight, shape and maturity, and free of visible defects were used. The fruit were surface-sterilized in 0.5% sodium hypochlorite solution for 5 s, rinsed twice in sterile distilled water and then air-dried.
In the first experiment, the air-dried fruit were directly packed into 0.015 mm thick polyethylene bags (30 fruit per bag), and stored at 25 or 1 C and 85-90% relative humidity. During storage, the fruit stored at 25 or 1 C were randomly sampled every second day until 8 d. In addition, the fruit stored for 14 and 21 d at 1 C were also sampled. The pericarp browning index and membrane permeability were evaluated and pericarp/pulp tissues were collected, frozen in liquid nitrogen and stored at À80 C for further analysis.
In a separate experiment, the above air-dried fruit were treated with ABA (10 mM) or H 2 O 2 (0 mM) at 25 C for 10 min. Control fruit were dipped in distilled water at 25 C for 10 min. The fruit were then packed as described above and stored at 25 C and 85-90% relative humidity. Samples were taken at 0, 1, 3, 6 and 12 h and 1, 3 and 5 d from the start of the experiment. Pericarp tissues were collected, frozen in liquid nitrogen and stored at À80 C for further use.
Fruit senescence parameters
Pericarp browning was measured by evaluating the browned area on each pericarp of 30 fruit according to the following scale: 0, no browning (excellent quality); 1, slight browning; 2, <1/4 browning; 3, 1/4 to 1/2 browning; and 4, >1/2 browning (poor quality). The browning index was calculated as P (browning scale Â proportion of corresponding fruit within each class). Membrane permeability was expressed as relative electrolyte leakage. Thirty discs (10 mm in diameter) from the equatorial region of 30 fruit pericarps were washed three times in deionized water, dried with filter paper and then incubated in 20 ml of 0.3 mol l À1 mannitol solution for 30 min at 25 C. The initial electrolyte leakage rate was determined using a conductivity meter (model DDS-11A; Shanghai Scientific Instruments). Total electrolyte leakage was then determined after boiling for 20 min and cooling rapidly to 25 C. The relative leakage was expressed as the percentage of the initial electrolytes to the total electrolytes.
RNA extraction, gene isolation and qRT-PCR analysis
Total RNA from pericarp and pulp mixed tissues was extracted using the hot borate method (Wan and Wilkins 1994) and digested with DNase I (TAKARA BIO INC.) to eliminate potentially contaminating DNA. DNA-free RNA was then used as template for reverse transcription-PCR. The first-strand cDNA was subjected to PCR amplification. Thirteen NAC genes, designated LcNAC1-LcNAC13, were isolated from a transcriptome database obtained using a Solexa HiSeq TM 2000 sequencing system with a paired-end strategy (Yao et al. 2015) . Their sequences were verified by further cloning and sequencing. Four of the 13 NAC genes, LcNAC3, -5, -6 and -12, were obtained by 3 0 -or 5 0 -rapid amplification of cDNA ends (RACE) using a RACE kit (TAKARA BIO INC.) with gene-specific primers in accordance with the manufacturer's instructions. The remaining nine NAC genes were full-length sequences in the database. Multiple sequence alignment was carried out using ClustalX (version 1.83) and GeneDoc software. A phylogenetic tree was constructed using the minimum-evolution method with Mega5.
qRT-PCR analysis was performed as described previously (Wang et al. 2013 ). Total RNA was extracted from pericarp and pulp tissues in fruit stored at 25 or 1 C, or treated with ABA or H 2 O 2 , and treated with DNase I. DNA-free RNA was reverse-transcribed for first-strand cDNA synthesis. The gene-specific oligonucleotide primers used for qRT-PCR analysis are described in Supplementary Table S1 . LcACT1 was selected as the reference gene in accordance with Zhong et al. (2011) . All qRT-PCRs were normalized using the C t value corresponding to the reference gene. The relative expression levels of LcNAC genes, LcMYC2 and LcAOX1a were calculated with the formula 2 ÀÁÁCT . Three independent biological replicates were used in the analysis.
Subcellular localization analysis
The coding regions of LcNAC genes or LcWRKY1 were subcloned into the pSAT6-EYFP vector. The fusion constructs and control vector were transformed into Arabidopsis mesophyll protoplasts as described previously (Yoo et al. 2007 ). The transformed protoplasts were incubated at 22 C for 24-48 h. YFP fluorescence was observed using a florescence microscope (Zeiss 510 Meta). All transient expression assays were repeated at least three times.
Promoter isolation
Genomic DNA was extracted from litchi pericarp tissues using the DNeasy Plant Mini Kit (Qiagen). The promoters of LcNAC1 and LcAOX1a were isolated using a GenomeWalker Kit (Clontech) with nested PCR in accordance with the manufacturer's instructions. The amplification products were cloned into the pGEM Õ -T Easy Vector (Promega) and sequenced. Conserved cis-element motifs of the promoter were predicted using the PLACE (http://www.dna. affrc.go.jp/PLACE/signalscan.html) and Plant-CARE (http://bioinformatics.psb. ugent.be/webtools/plantcare/html/) databases.
Yeast one-hybrid (Y1H) assay
A Y1H assay was performed using the Matchmaker TM Gold Yeast One-Hybrid System (Clontech). The LcNAC1-prodomain1 (À313 to À506) reporter strains, designated LcNAC1-prodomain1-Y1H, were cloned into the pAbAi vector. The resulting plasmid was linearized and transformed into the Y1H Gold yeast strain. Positive yeast cells were transformed with pGADT7-AD, containing LcMYC2. The DNA-protein interaction was evaluated according to the growth ability of the co-transformants on SD/-Leu medium supplemented with AbA in accordance with the manufacturer's protocol.
Expression and purification of recombinant LcNAC1 and LcWRKY1
The fragments of cDNA encoding the mature proteins of LcNAC1 and LcWRKY1 were obtained by reverse transcription-PCR. The LcNAC1 cDNA fragment was cloned into the pET-28a vector (Novagen) to generate HisLcNAC1, whereas the LcWRKY1 cDNA fragment was inserted into the pGEX-4T-3 vector (Amersham Biosciences) for fusion in the same reading frame as GST. The His-LcNAC1 and GST-LcWRKY1 recombinant fusion proteins were induced and expressed in the Escherichia coli BL21 (DE3) strain. The recombinant proteins were purified with nickel-nitrilotriacetic acid agarose (Qiagen) and glutathione Sepharose TM 4B (GE Healthcare), respectively, following the manufacturer's instructions.
Electrophoretic mobility shift assay
An electrophoretic mobility shift assay was performed using the EMSA kit (Thermo Fisher Scientific) in accordance with the manufacturer's instructions. Oligonucleotide probes from the LcAOX1a promoter were synthesized and labeled with the Pierce TM DNA 3 0 End Biotinylation Kit (Thermo Fisher Scientific). The unlabeled DNA fragment was used as a competitor. Protein-DNA complexes were separated on 6% native polyacrylamide gels, and the biotin-labeled probes were detected by the chemiluminescence method in accordance with the manufacturer's protocol on a ChemiDoc TM MP Imaging System (Bio-Rad).
Dual-luciferase reporter assay
The dual-luciferase reporter system was used to analyze the transient reporter expression as described by Hellens et al. (2005) . The pGreenII 0800-LUC reporter vector and pGreenII 62-SK effector vector were used. The coding sequences of LcMYC2, LcNAC1 and LcWRKY1 were amplified and fused to pGreenII 62-SK as effector plasmids. The LcNAC1 and LcAOX1a promoters were amplified and inserted into pGreenII 0800-LUC as reporter plasmids. The constructed effector and reporter plasmids ( Supplementary Fig. S10 ) were co-transformed into tobacco leaves by Agrobacterium tumefaciens strain GV3101. The activities of LUC and REN luciferase were measured using the Dual-Luciferase Õ Reporter Assay kit (Promega) 2 d after co-transformation. The analysis was carried out on a Luminoskan Ascent Microplate Luminometer (Thermo Fisher Scientific) in accordance with the manufacturer's instructions. The ratio of LUC to REN was calculated to reflect the final transcriptional activity. At least six biological replicates were assayed for each combination.
Yeast two-hybrid (Y2H) assay
Y2H assays were performed using the Matchmaker TM Gold Yeast Two-Hybrid System (Clontech). The coding sequences of LcNAC1 and LcWRKY1 were subcloned into the pGBKT7 orpGADT7 vector to fuse with the DNA-binding domain (DBD) and activation domain (AD), respectively, to create the bait and prey. The bait and prey constructs were co-transformed into the Y2H Gold yeast strain by the lithium acetate method. The yeast cells were grown on DDO medium (minimal media double dropouts, SD medium supplemented with -Leu/-Trp) in accordance with the manufacturer's protocol (Clontech) for 3 d. Transformed colonies were plated onto QDO medium (minimal media quadruple dropouts, SD medium supplemented with -Leu/-Trp/-Ade/-His and 15 mM 3-aminotriazole), containing 4 mg ml À1 X-a-Gal, to test the possible interaction between LcNAC1 and LcWRKY1 according to their growth status and a-galactosidase activity.
Bimolecular fluorescence complementation assay
Full-length coding sequences of LcNAC1 and LcWRKY1 without stop codons were cloned into the pUC-pSPYNE or pUCpSPYCE vectors. Expression of LcNAC1 or LcWRKY1 alone was used as a negative control. The resulting constructs were used for transient assays by modified polyethylene glycol transfection of Arabidopsis mesophyll protoplasts. The transformed protoplasts were incubated at 22 C for 24-48 h. The YFP fluorescence was observed using a confocal laser scanning microscope (Zeiss 510 Meta).
GST pull-down assay
The GST pull-down assay was performed using a Pierce TM GST Protein Interaction Pull-Down Kit (Thermo Fisher Scientific). Purified His-LcNAC1 was incubated with GST or GST-LcWRKY1 bound to glutathione Sepharose TM 4B beads. The eluted proteins were subjected to SDS-PAGE and Western blotting. Anti-His antibody (TransGen Biotech) was used as the primary antibody, and the chemiluminescent signal was detected using SuperSignal Õ West Pico Chemiluminescent Substrate (Thermo Fisher Scientific).
Data handling
Experiments were performed with a completely randomized design. Data were expressed as the mean ± SE. Differences among treatments were compared at the 5% significance level using SPSS version 7.5 (SPSS, Inc.).
Supplementary data
Supplementary data are available at PCP online. 
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